Abstract
Background
Plasmodium infections alternate between a vertebrate host, where they cause malaria, and almost invariably a definitive mosquito host, where sexual reproduction occurs [1, 2] . The parasite genus includes Plasmodium falciparum and P. vivax, which infect human hosts, and P. berghei, which infects rodents, and is commonly used as an animal model. The symptomatic vertebrate stage of malaria is the asexual cycle, when parasites undergo multiple cycles of replication, lysis and re-invasion of erythrocytes. A small proportion of asexual parasites irreversibly differentiate into sexual gametocyte stages, which are the progenitors of gametes, and can be either female or male.
Gametocyte differentiation is regulated by transcription factors AP2-G (Apetala 2-gametocyte) and AP2-G2 (Apetala 2-gametocyte 2), with the former essential for development of asexual stages into gametocytes [3] . The time taken for this transformation into gametocytes varies widely by species, but in P. berghei it is completed in around 28 h [4] .
Female gametocytes are considered temporarily dormant [5] ; they possess an inactive pool of mRNA transcripts bound by a protein complex that includes DOZI (development of zygote inhibited) and CITH (CAR-I/Trailer Hitch homolog) [6, 7] . Ablation of DOZI in female gametocytes prevents zygote maturation [6] . Despite their apparent dormancy, female gametocytes possess an abundance of ribosomes and endoplasmic reticulum (ER), presumably in preparation for downstream fertilisation and other stages [5] .
Male gametocytes exist for the sole task of producing short-lived male gametes [5] . They possess few ribosomes and a meagre amount of ER, suggesting a reduction in translation [5] . While male gametocytes also possess DOZI, this is present in lower levels than in females [8] . Correspondingly, ablation of DOZI has no effect on male viability [6] .
Once mature male gametocytes are formed, they are capable of undergoing exflagellation into male gametes. This is triggered by exogenous factors associated with the change of environment within the mosquito digestive system, including xanthurenic acid, a change in pH and a reduction in temperature [9] . Exflagellation is preceded by a rapid eight-fold replication of DNA [10] , which is followed by the extrusion of eight highly motile gametes, all within 10-12 min [5] . Activation of female gametocytes also occurs, causing them to egress from the host cell [5] .
After conversion of haploid gametocytes into haploid gametes within the midgut of the mosquito, fertilisation occurs within hours; male and female gametes fuse, followed by movement of the nucleus of the male gamete into the female cell [5] . The diploid zygote subsequently develops into a motile ookinete within the mosquito midgut [11] .
Gametocytes are thus the pivotal stage for transfer of parasites from vertebrate host to mosquito vectors. Blocking gametocytes would interrupt transmission and may be one element in the strategy to eradicate malaria. Despite this, there have been only limited high-throughput data that aim to dissect the gender-specific traits of Plasmodium gametocytes.
Three proteomic studies on separated female and male gametocytes have been published, one in P. berghei [8] and two in P. falciparum [12, 13] . Two of these studies compared female and male gametocytes to the precursor asexual stages, allowing identification of female-and male-upregulated proteins [8, 12] . There has been one previous transcriptomic analysis on separated female and male gametocytes, in P. falciparum, where proteomic data was also generated [13] . While this provides an excellent initial survey of transcripts present in these life stages, the analysis was not based on biological replicates, precluding statistical inferences of differential expression. In addition, asexual stages were not sequenced, which makes it impossible to identify gametocyte-specific genes.
We present here the complete transcriptomic analysis of separated female and male gametocytes in P. berghei. We have sequenced both female and male gametocytes, as well as the asexual stages from which gametocytes are derived. We identified numerous female-and malespecific genes in P. berghei, some of these validated by previous proteomic results, and some novel genes. Finally, these expression data have helped to clarify the evolution of sex in Plasmodium compared to other related organisms.
Results

Purification of female and male gametocytes
To purify female and male P. berghei gametocytes (Fig. 1a) , we used the previously-published parasite line 820cl1m1cl1 [14] . These parasites express either red fluorescent protein (RFP) or green fluorescent protein (GFP) under the control of the female-and male-specific promoters ccp2 (PBANKA_1319500) and the dynein heavy chain (PBANKA_0416100) respectively. Samples were initially enriched for gametocytes by differential centrifugation. These stages were then sorted into RFP-expressing female gametocytes and GFP-expressing male gametocytes by flow cytometry (Fig. 1b) , and RNA extracted.
As a control, general intra-erythrocytic stages were also collected from infected mouse blood (Fig. 1a) , depleted of host RNA. These samples were not collected by flow cytometry, whereas it was necessary to collect gametocytes via this method; this difference in preparation might plausibly introduce some non-biological variation to detected expression differences. These samples a b are subsequently referred to as "asexual" stages in this manuscript. In addition to the asexual stages, these samples contained a minor pool of gametocytes, approximately 10% of total parasites, as assayed by microscopy. However, these impurities should only reduce the statistical power of our analyses, increasing the number of false negatives. Transcripts identified as gametocyte-specific below are in comparison to asexual stages obtained by cardiac bleed of infected mice. The use of this asexual population is consistent with previous studies [8] , but we would expect a depletion of schizonts in this parasite sample [15] , which could influence the genes that are identified as gametocyte-specific. Hence, our categorisation should be viewed in this context. All stages were collected in biological triplicate to permit statistical analysis, with cDNA libraries enriched for poly-A transcripts, then sequenced on the Illumina platform.
Differential expression analysis
Samples were analysed for expression of genes. Clustering of samples based on expression of genes was assessed via a heatmap ( Fig. 2a ; normalised read counts provided in Additional file 1) and multi-dimensional scaling plot (Fig. 2b) . In both cases, each set of replicates clustered to the exclusion of other stages. This indicates that biological and experimental variation between replicates is relatively minor compared to variation between distinct stages.
Female and male gametocytes were analysed for differential expression of genes in two independent tests. Firstly, we identified genes expressed in female gametocytes that differed significantly in expression compared to asexual stages, as the developmental precursors. This analysis was then repeated for males compared to asexual stages.
In females, we identified 877 genes that had significantly over-represented transcripts compared to asexual stages, and 3212 genes that were under-represented (Fig. 2c ). In males, 1331 genes were over-represented, and 2387 were under-represented. Hence, in females, more genes were under-represented than over-represented, by a factor of 3.66; in males, this factor was only 1.79. Hence, compared to the prior asexual stages, many genes are down-regulated, and comparatively few genes are upregulated, with this phenomenon more striking in females.
We quantified the number of genes common to both types of gametocytes, visualised using a Venn diagram (Fig. 2c) . The greatest subset by far were those genes downregulated in both female and male gametocytes (2110 genes) compared to asexual stages. As an example of this magnitude, 88.4% of downregulated male gametocyte genes were also downregulated in female gametocytes.
We represented these values proportionally on a schematic that depicts the developmentally-ancestral asexual stage differentiating into either male or female gametocytes (Fig. 2d) . In this diagram, the direction of the thick arrows represents either upregulation or downregulation. In addition, the number of differentially expressed genes are indicated on each arrow, with the width of the arrow proportional to this number. After accounting for genes down-or upregulated in both female and male gametocytes (grey arrows), we can identify the remaining genes that are specifically up-or downregulated in female or male gametocytes alone, compared to asexual parasites. In female gametocytes, there are almost three times as many genes downregulated than upregulated (red arrow pair), whereas in males, this is reversed, with three Monochrome arrows represent shared up-or downregulation; red and green arrow pairs represent up-or downregulation specific to female or mal e gametocytes respectively. The green-red arrow pair on top represents genes identified by direct comparison of the two genders. e Fold-change of reads mapped to each chromosome compared to asexual samples. Each point represents a biological sample. The numbers of mapped reads were normalised to total reads mapped for that sample, then fold-change to the mean of the asexual counts for each chromosome plotted. Female and male samples with significant differences to asexual stages are marked by blue rectangles (p value < 0.05) times as many genes being upregulated than downregulated (green arrow pair). A similar trend is also observed if we compare the genders directly without reference to asexual stages (green-red arrow pair), with many more genes upregulated in male than female gametocytes. The full list of significantly differentially-expressed genes in provided in Additional files 2 and 3.
We counted the normalised number of transcripts that mapped to each chromosome, and observed over-and under-representation of female and male transcripts on specific chromosomes (Fig. 2e ). This includes a startling over-representation of female transcripts from chromosome five, and an under-representation of female transcripts from chromosome two. On chromosome five, the first and fourth most highly-expressed individual female-specific transcripts compared to asexual stages are the adjacent genes P28 (28 kDa ookinete surface protein; PBANKA_0514900) and P25 (25 kDa ookinete surface antigen precursor; PBANKA_0515000) respectively. These transcripts are over-expressed over 400-fold compared to asexual stages. When reads that mapped to either of these two loci were removed from the analysis, there were no longer any significant differences detected in female transcripts mapping to chromosome five.
Pathway enrichment analysis
To distill important characteristics from the thousands of differentially-expressed genes, we analysed individual transcriptomes for pathway enrichment. We then removed redundant pathways, and split pathways into biological processes, cellular components, and molecular functions. This left 7 female-specific and 12 malespecific biological processes that are enriched compared to asexual stages; these are presented in accompanying tables (Table 1) , with the full lists presented in Additional file 4. Pathways that described cellular components and molecular functions were consistent with the information from biological processes, such as increased cytoskeleton and protein kinase activity in female gametocytes, and increased replication components and DNA binding in male gametocytes. These full lists are also shown in Additional file 4.
We attempted to identify shared pathways involved in general gametocyte development, by identifying genes simultaneously upregulated in both female and male gametocytes, then analysing for pathway enrichment as above. This strategy only identified one biological process, protein phosphorylation (GO:0006468, p value = 0.039, 13/80 genes). We also identified cellular components and Finally, we identified biological processes for genes downregulated in both female and male gametocytes compared to asexual stages (Table 2) . Again, cellular components and molecular functions were consistent with these results (see Additional file 4).
Comparison to known gametocyte-transcript regulation
Previous analyses have identified the RNA binding protein DOZI as an important post-transcriptional regulator required for zygote production [6] . DOZI stabilises and translationally represses transcripts in female gametocytes until their products are required [6] . To test whether genes regulated by DOZI-inactivation had gender-specific transcription, we analysed these for gene set enrichment. We obtained the list of DOZI-regulated genes [6] , then used GSEA [16] to determine whether these genes were preferentially transcribed in female and/or male gametocytes. Briefly, genes were ranked based on expression in female stages compared to asexual stages, then arranged in order on the x-axis of a graph (Fig. 3) . Female-specific genes are to the left of the graph, and asexual-specific genes are to the right. If a gene in this list is a DOZIregulated gene, a concomitant vertical stripe is placed under the graph (Fig. 3a , top, red "barcode"). Hence, if this gene set is female-gametocytes biased, we will see more lines on the left of the barcode; if primarily in asexual stages, to the right of the barcode. We can also quantify the magnitude of this bias with the enrichment score (y-axis). The enrichment score starts at zero for the first gene in the list. As we progress through the list of genes, the presence of a DOZI-regulated gene evokes an increase in the y value, otherwise, the y value drops. The magnitude of these increments is normalised, so that the final gene ends on a zero enrichment score. Hence, if DOZI-regulated genes are primarily femalespecific, there will be relatively more early increases than decreases in the enrichment score, and there will be a positive peak. If DOZI-regulated genes are primarily asexual-specific, then there will be a net decrease early on, resulting in a negative enrichment-score peak.
Hence, in female gametocytes, there is a statisticallysignificant enrichment of DOZI-regulated genes, based on p value as estimated using GSEA [16] . A significant 3 Gene set enrichment analysis. The gametocyte-specific genes are to the left of the x-axis, and the asexual-specific genes are to the right. (See main text for a more extensive explanation). Female enrichment score is plotted with a red line, and male enrichment score with a green line. Statistically significant differences (p value < 0.05) are indicated by an asterisk (*). Lines in the "barcode" beneath each plot indicate the position of a gene from that gene set within the ranked list. a Enrichment analysis of two P. berghei datasets. b P. berghei genes were transformed into their P. falciparum syntenic orthologues, then analysed for enrichment of P. falciparum datasets enrichment is also observed in male gametocytes, albeit to a lesser degree. We also tested for gene set enrichment for genes regulated by the gametocyte transcription factors AP2-G or AP2-G2 [3] . We observed upregulation of AP2-Gregulated genes in both female and male gametocytes (Fig. 3a) . We also observed upregulation of AP2-G2 in both gametocyte genders (see Additional file 6). Confusingly, there was a small but significant enrichment of genes in both genders that were also relatively upregulated in AP2-G knockouts, and similarly with AP2-G2 in male gametocytes (see Additional file 6). We also assayed for the presence of genes identified as having AP2-G and AP2-G2 motifs [3] , but could not establish enrichment of either motif (see Additional file 6).
Metabolic pathways
We obtained 260 gene sets from Malaria Parasite Metabolic Pathways [17] , and performed gene set enrichment analysis for the 187 sets that contained at least 10 genes. We tested female and male gametocyte transcriptomes for enrichment of each of these sets. There were enrichment of 4 sets in female and 23 sets in male gametocytes, compared to asexual stages. Conversely, we observed depletion of 36 and 68 sets in female and male gametocytes respectively.
The full list is presented in Additional file 6. However, we present six biologically-relevant sets in Fig. 3b . Nuclear-encoded mitochondrially-targeted genes were depleted in both female and male gametocytes, although only significantly so in the latter. Enrichment of molecular motors was exhibited in both genders. Both DNA replication and kinetochore organisation were enriched in male gametocytes but not female gametocytes, congruent with our existing knowledge of the biological processes in these forms. Finally, RNA polymerases and mRNA degradation were depleted in both gametocytes. This is consistent with stabilisation of transcripts known to occur in Plasmodium gametocytes [6] .
Motifs
We attempted to identify female-or male-specific sequence motifs by a variety of methods. Firstly, we partitioned transcripts by absolute expression, comparing the top quartile to the bottom quartile. Four separate groups were partitioned: asexual, female-specific, malespecific, and the intersection of female-and male-specific transcripts. The latter would plausibly identify general gametocyte motifs non-specific to either gender. We also repeated this analysis using the top decile instead. We searched for enriched motifs using DREME [18] , examining sequences from 1000 kb upstream of the start codon, as per previous analyses in Plasmodium [19, 20] . In all cases, we found no convincing gametocyte-specific motif absent in the asexual stages (see Additional file 7).
We then partitioned transcripts by relative expression, comparing the most-female-specific transcripts to the most-asexual-specific transcripts. We repeated this for male gametocytes, and then for the intersection of both genders. We were able to identify four motifs conserved in all three groups: the sequence GTCT and its reversecomplement AGAC, and the partial reverse-complements TGTG and CACAC (see Additional file 7 for analyses and sequence logos). However, we were unable to detect any gender-specific motif for either female or male gametocytes.
Orthology with P. falciparum
As previously mentioned, the recent transcriptomic study of male and female gametocytes from P. falciparum did not include the asexual developmental precursor as a reference point [13] . Hence, comparisons were limited to direct contrasts of female and male gametocyte, rather than of gametocyte-specific genes. To compare the two species, we restricted our analysis to a similar direct comparison.
Initially, we directly compared sets up-or downregulated in both studies, using P. falciparum syntenic orthologues of our P. berghei genes. Focusing on P. falciparum female-specific genes, there was moderate overlap, with 39.6% also being female-specific in P. berghei. However, there was also considerable disagreement, with 35.6% of these P. falciparum female-specific genes overlapping with male-specific genes in P. berghei (see Additional file 8).
As mentioned above, the previous study's results present a useful survey of genes transcribed in P. falciparum gametocytes, but this experiment was not designed for statistical analysis of differential expression between genders, or between gametocytes and asexual stages. Therefore, to identify P. falciparum and P. berghei genes most likely to be meaningfully differentially expressed between male and female gametocytes, we combined a number of analyses based on orthology between the species.
Firstly, we visualised our results on a volcano plot, which plots statistical confidence on the y-axis (as log odds) and magnitude of change on the x-axis (Fig. 4a) . Hence, points on the left of the graph represent genes highly-expressed in male gametocytes; points on the right are highlyexpressed in female gametocytes. Points near the zero point of the x-axis are equivalently expressed in both genders, and are hence associated with a low log odds value. Initially, we determined which genes in our P. berghei dataset had a syntenic orthologue in P. falciparum. These points are plotted in cyan on the graph; genes without syntenic orthologues are shown in pink. 6.4% of all genes analysed lacked P. falciparum syntenic orthologues (304 of 4736 genes). The genes lacking syntenic orthologues were enriched in pathways associated with host cell parts, extraorganismal space, and vacuoles (see Additional file 4 for full list).
We then asked whether P berghei genes that possessed P. falciparum syntenic orthologues were more or less likely to have been identified in our differential expression screen. We found that genes with syntenic orthologues were more likely to have been identified as differentially expressed in different gametocyte genders, on the basis of log odds (Fig. 4a, inset) . For genes that were male-specific, genes with syntenic orthologues were more likely to have a smaller magnitude of change than those without syntenic orthologues (Fig. 4a, bottom left) . We found no difference in magnitude for genes that were female-specific (Fig. 4a, bottom right) . Many of the lineage-specific genes are encoded by a small number of families, each with many members of variant antigens found on the surface of infected red blood cells [21] , so it is unclear how representative these changes are of general gametocyte biology.
Based on the results of the previous analysis, genes without syntenic orthologues were excluded for the subsequent analysis. We mapped syntenic genes from the P. falciparum transcriptomic survey [13] onto the remaining P. berghei genes (Fig. 4b) . Genes concordant in both studies, i.e. female-specific (FF) or male-specific (MM) in both, are plotted in orange. Genes in disaccord, i.e. male-specific in P. berghei and female-specific in P. falciparum (MF) or vice versa (FM) are shown in purple. Genes unreported in the P. falciparum survey are plotted in grey. This volcano plot displays a clear pattern such that genes in our analysis with a higher fold change between genders, and higher statistical confidence (log odds) are more likely to possess a P. falciparum orthologue with the same gender-specific expression. , and the x-axis shows magnitude of difference as log 2 fold change ♀/♂ , from most male-specific (♂) to most female-specific (♀). Diamond symbols within boxplots indicate the mean. All plots marked *** have p value < 0.001 a P. berghei genes with syntenic orthologues from P. falciparum are plotted in cyan; genes lacking syntenic orthologues are shown in pink. Inset boxplots show genes with syntenic orthologues are more likely to have been identified as differentially expressed between genders, based on log odds. Boxplots below the volcano plot demonstrate that genes with syntenic orthologues are more likely to have a lower magnitude of change in male-specific genes, with no difference in female-specific genes. b Genes concordant in both species, i.e. male-specific (MM) or female-specific (FF) in both, are marked in orange. Genes that are discordant, i.e. male-specific in P. berghei and female-specific in P. falciparum (MF) or the opposite (FM), are shown in purple. Inset boxplots show concordant genes are more likely to have been identified in our differential expression screen (higher log odds), and discordant gene are less likely. Boxplots below the volcano plot show that concordant genes have larger magnitude of differential expression, and discordant genes have a lower magnitude. c Phylogeny showing conservation of orthologous groups in different organisms. The central panel depicts the number of conserved general sex orthologous groups divided by total orthologous groups for each species. The right panel partitions these sex-related groups into shared sex genes (in both male and female gametocytes), male-specific genes, and female-specific genes. These are normalised for the total number of general-sex orthologous groups. N.B. these need not total 1.00, because a few orthologous groups contain genes from multiple sets. The vertical dashed lines reference the P. berghei data on the first row of the phylogeny, and are collinear with the category boundaries for this organism
We then compared each of the first four subsets of genes (MM, FF, MF, FM) independently to the remaining genes. We found that concordant genes were more likely to be identified in our screen in the first place, based on log odds value, whereas discordant genes were not (Fig. 4b,  inset) . Similar to the pattern apparent in the volcano plot, concordant genes were statistically more likely to have a greater magnitude of differential expression between gametocyte genders (MM, FF, Fig. 4b , bottom left and right), whereas discordant genes were more likely to have a lower magnitude of differential expression (MF, FM, Fig. 4b, bottom left and right) . This combination analysis allows reliable identification of shared genes important for sexual differentiation in both P. berghei and P. falciparum, and also highlights important differences between the two species.
Broader phylogenetic conservation
In addition to the analysis of P. falciparum and P. berghei orthologue pairs, we performed a broader phylogenetic analysis, to determine which sex-related genes were conserved in more-distant relatives. We again used the two lists of differential expression data, which compared females or males to asexual stages. General P. berghei sex genes were derived from the union of both of these sets. Orthologues of each gene in this list were then identified for a range of organisms, and the presence of genes for each orthologous group tallied for each organism. To normalise the number of sex-related genes, we then repeated this using the entire P. berghei genome. For each organism, the number of conserved sex-related orthologous groups were divided by the number of total orthologous groups (Fig. 4c, centre panel) . The normalised number of genes orthologous to P. berghei sex-related genes was fairly steady within the Plasmodium genus, but dropped abruptly outside this genus.
The P. berghei male and female differential expression data were then analysed for overlap; genes were partitioned into female-specific genes, male-specific genes, and shared sex genes (gene upregulated in both genders). Again, all species were analysed for the presence of orthologues. Counts were normalised by dividing by the total number of sex-related orthologous groups in each species (Fig. 4c, right panel) . The relative proportions of these three sets stayed fairly constant within the Plasmodium genus. However, the number of shared sex orthologous groups gradually decreased outside this genus, coincident with an increase in male-specific orthologous groups. Female-specific orthologous groups remained fairly constant for all species.
Discussion
Differential expression analysis
In this study, we present the complete transcriptomes of P. berghei female and male gametocytes. This is the second sequenced transcriptome of separate gametocyte stages of a Plasmodium spp. However, it is the first that compares the gametocytes to the asexual developmental-precursor stages, and the first that analyses differential expression of gametocytes based on biological replicates.
We identified 4627 genes differentially expressed in either female or male gametocytes (Fig. 2c) , which represents 91.3% of the 5067 genes analysed. The overall trend was towards downregulation of transcripts in both female and male gametocytes, with the vast majority of these genes downregulated in both genders (Fig. 2d, black  arrow) . There was more upregulation of male-specific than female-specific transcripts, and more downregulation of female-specific than male-specific transcripts.
These results are consistent with P. berghei proteomic data, with a larger number of male-only proteins absent in asexual stages (236 proteins) compared with femaleonly proteins absent in asexual stages (101 proteins) [8] .
We also observed a large number of transcripts (476 genes; 54% of total female transcripts) that were upregulated in both genders (Fig. 2c, grey intersection) . This contrasts with proteomic data, where a mere 69 proteins (41% of total female proteins) were observed in both genders and absent in asexual stages [8] . This discrepancy may arise from analytical differences due to the higher sensitivity and possibility for replication in highthroughput transcriptomics, differences in female-and male-specific promoters used, and genuine differences between the transcriptome and proteome of gametocytes. Indeed, translational repression is a known mechanism in female gametocytes [6] , which is discussed below.
In the P. falciparum proteome, from the study that excluded proteins present in the asexual trophozoite stage, 91 male-specific and 171 female-specific proteins were identified, with 349 proteins shared in the two genders [12] . Although the large shared proportion is consistent with our P. berghei data, we observed the opposite gender bias, with more male-than female-specific transcripts. This difference would be further exacerbated by transcription repression in female gametocytes, which would imply an ever greater number of female transcripts in P. falciparum than the number of proteins suggests. As stated previously, the P. falciparum sexspecific transcriptome did not sequence asexual stages, so a statistically-based differential-expression analysis was not previously possible, although the authors observed 78 female-specific transcripts and 10 male-specific transcripts [13] .
We observed an over-representation of female transcripts from chromosome 5 (Fig. 2e) . Previously, a cluster of seven genes had been identified on this chromosome (PBANKA_0507400 to PBANKA_0508000), some of which were overexpressed in gametocytes, and were overlapping and/or alternatively spliced [22] . However, we observed no upregulation in female gametocytes for any of these genes, although moderate upregulation was observed in male gametocytes for PBANKA_0507700 to PBANKA_0507900, the latter being increased 32-fold.
Regardless, we identified a novel cluster of femalespecific genes on chromosome 5, including P28 and P25, which were very highly expressed. Numerous other surrounding genes also exhibited increased expression compared to asexual stages. This cluster included genes from PBANKA_05148000 to PBANKA_0515400, with seven of the eight genes being female-specific.
Pathway enrichment analysis
We identified a single biological function upregulated in both gametocytes, namely phosphorylation. This is consistent with our existing knowledge regarding the numerous protein kinases involved in life-cycle progression just after gametocytogenesis [23, 24] . This function was also enriched in female and male gametocytes independently.
Female-specific protein kinases that were upregulated include NEK4, which had been previously identified in the female gametocyte proteome [8] . NEK4 is an essential protein kinase in female gametocytes for development into the subsequent ookinete stage [25] . Male-specific protein kinases identified include MAPK2 and CDPK4; peptides of the former had been previously identified in male gametocytes, although the latter had been identified in both genders [8] . Both of these protein kinases are essential for male gametocyte exflagellation [26] [27] [28] . Finally, transcripts for several protein kinases were upregulated in both genders, including CDPK3 and NEK2, neither of which had been identified in the P. berghei shared-gender gametocyte proteome [8] . These protein kinases are involved in ookinete motility and development [29] [30] [31] . In total, we identified 47 protein kinases upregulated in either gametocyte gender, including 24 that had not been previously investigated (see supplementary data A for full list). These are promising candidates for further investigation of the differential regulation of male and female gametocytes, and include potential female-specific protein kinases, including a putative serine/threonine protein kinase (PBANKA_1305200) and the protein kinase PBANKA_1414500. The former is upregulated 170-fold in female gametocytes, and only 4.7-fold in male gametocytes; the latter is upregulated 310-fold in females and 17-fold in males. This list includes male-specific protein kinases, such as the serine/threonine protein kinase PK9 (PBANKA_1413600), which is unchanged in females, but upregulated 37-fold in males. This gene has been relatively unstudied, but is known to target a ubiquitin-conjugating enzyme [32] .
In female gametocytes, the vast majority of biological processes relate to the interaction with hosts (Table 1) . This may correspond with later fusion with male gametes, or ookinete penetration of the mosquito midgut.
In male gametocytes, we identified a swathe of cytoskeletal, microtubule and movement-related biological processes, which are transcribed in preparation for the motile male gamete stage that follows. This is consistent with the subsequent presence of flagellar proteins in the proteome of P. berghei male gametes [33] ; however, we were unable to detect any significant increase of transcripts relating to glycolytic pathways, despite these proteins being observed in male gametes [33] . We also found upregulated pathways involved in DNA replication and related processes. These are presumably necessary for the rapid rounds of DNA replication that occur just before male gametocyte exflagellation into gametes [10] . We also found an enrichment of pathways involved in responses to endogenous stimuli, which is consistent with the sensing of mosquito-environment triggers that induce exflagellation, such as xanthurenic acid [9] .
Comparison to known gametocyte-transcript regulation
We found a very strong correlation between DOZIregulated genes and highly-expressed female transcripts. We also observed a strong, albeit lesser, correlation with male transcripts (Fig. 3a) . This was consistent with male gametocytes producing less DOZI than female gametocytes [8] , and female DOZI null mutants being fully sterile, compared to male DOZI null mutants, which are unaffected in fertility [6] .
There was a strong correlation between genes induced by gametocyte regulators AP2-G and AP2-G2 with high expression in both gametocytes (Fig. 3a) . Surprisingly, we could detect no enrichment of genes previously identified as having a motif associated with these regulators [3] , which may suggest that the regulators directly affect only a small number of genes.
Metabolic pathways
We observed a significant depletion of mitochondriallytargeted genes in male gametocytes, and a non-significant reduction in females. This is consistent with the presence of more mitochondrial peptides in female gametocytes than males [8] , although our observed depletion in gametocytes compared to asexual stages is the opposite of other (non-gender-specific) proteomic and microarray data [34] . However, an upregulation of mitochrondrial transcripts in female gametocytes relative to asexual stages is consistent with the previously-reported upregulation of proteins in the ookinete stage [34] . The depletion of transcripts for mitochondrial proteins in male gametocytes, and the slight but non-significant depletion in females is prima facie at odds with previous observations of upregulated mitochondrial metabolism [35] , enlarged and elaborate mitochondria [36] , and the more elaborate tubular cristae of gametocyte mitochondria [37] . However, despite an increased metabolic output, no organellar division is apparent in gametocyte stages [36] , and male gametes appear to lack mitochondria [5, 36] . Hence, the gametocyte mitochondria may require a lower turnover of proteins and thus lower transcription of genes for mitochondrial-targeted proteins.
We also saw a concomitant reduction of apicoplasttargeted genes in male gametocytes, and a non-significant depletion in female stages (see Additional file 6). Similarly to mitochondria, apicoplasts are only maternally inherited [38, 39] and male gametes appear to be entirely lacking in apicoplasts [36] .
We found an enrichment of molecular motors in both genders, but particularly in male gametocytes, which is consistent with the centrality of motility to male gamete function. After fertilisation of gametes, the zygote develops into a motile ookinete, which may explain the presence of motor transcripts in female gametocytes.
DNA replication and chromosome separation (via kinetochore organisation) were enriched only in male gametocytes, which is again consistent with the rapid rounds of DNA replication immediately prior to male gametocyte exflagellation [10] .
General RNA processing appears to be reduced, with depletion of both RNA polymerases and mRNA degradation in both genders. This implies a relatively static pool of mRNA, a large proportion of which is presumably held in the translationally-inactive DOZI-or CITH-bound pool. Although male gametocytes have a weaker relationship with DOZI, they have a low amount of translation in general [5] , which is consistent with reduced RNA processing.
Motifs
As mentioned previously, we were unable to find a correlation between highly-expressed female-or malegametocyte genes with genes previously identified by others as possessing motifs responsible for binding the gametocyte transcription factors AP2-G or AP2-G2 [3] . Consistent with this, our own de-novo motif-discovery analysis did not identify any of these motifs either (GxGTAC or GTACxC for AP2-G, and TGCxACC or GGTxGCA for AP2-G2 [3] ). This may imply that those AP2 transcription factors are responsible for initiating a cascade of gametocyte genes, but may not themselves serve as the direct transcription factors for most gametocyte-expressed genes.
We found no motifs specific to either gender, but did find motifs conserved in both gametocyte genders and the intersection of both. These were the sequence GTCT and its reverse-complement AGAC, and the partial reversecomplements TGTG and CACAC. We compared these motifs to known ApiAP2 regulatory motifs [40] . The first pair had not been previously identified, but CACACA had been reported as a gametocyte-specific motif [40] .
Orthology with P. falciparum P. berghei genes without syntenic orthologues in P. falciparum, of which a large proportion are lineagespecific genes, were less likely to be detected as femaleor male-specific in our study. Many of these belong to large families of red-blood-cell remodelling and virulence factors and are unlikely to play a gender-specific role in gametocyte biology [21] . For males, these lineage-specific genes were also more likely to have a smaller difference in expression compared to asexual stages. These results are counter-intuitive, because log odds are generally associated with a larger magnitude of differential expression. Genes identified as male-or female-specific in a previous survey of P. falciparum transcripts showed strong correlation with our data, although as previously stated, the difference in experimental designs prevented an exact comparison of differentially expressed genes.
Broader phylogenetic conservation
P. berghei sex-related genes are strongly conserved in the Plasmodium genus, but contrary to our expectation that sex-related genes would be highly conserved among related eukaryotes that undergo sex, these genes are less conserved than non-sex-related genes in other eukaryotes (Fig. 4c, centre panel) . This suggests that the molecules responsible for P. berghei sex are relatively specific to this genus. By extension, given this conservation, the sex machinery in all Plasmodium species is highlyspecific to this genus. An alternative explanation is that these genes are not sex-specific per se, but are genes necessary for gametocytes preparing for their mosquito host, a life strategy not shared by other eukaryotes in our analysis.
In this context, it is noteworthy that some close relatives of Plasmodium also parasitise erythrocytes (e.g. Babesia, Theileria, Haemoproteidae, Leucocytozoon), but most do not infect mosquitoes. Some do not even infect insects, so a mosquito life-strategy is presumably a derived character in Plasmodium. However, the explanation that these poorly-conserved genes are merely mosquito-adapted genes is not strongly supported by an analysis of the gender-specific gametocyte genes. Such a hypothesis would predict that conservation of generic gametocyte genes would decay in alveolates lacking insect hosts, while gender-specific genes remained relatively well-conserved. This is not borne out by our analysis; instead the proportions of male, female and shared gametocytes show no dramatic change between the lineages with and without dipteran or other insect hosts (Fig. 4c) .
Nonetheless, there are some changes in relative conservation of gender-specific genes. While the female-specific proportion of sex genes were conserved fairly evenly through the organisms analysed, there was a clear decline in conservation of the genes shared between gametocytes, and a concomitant increase in the male-specific proportion. This appears in part to represent a broad conservation of male-enriched sex genes, such as flagellation, DNA replication and cytokinesis (see Table 1 ), all of which are typical characteristics of maleness in the Alveolata, i.e. being smaller, more motile, and more numerous. Female-enriched genes are moderately conserved, whereas shared-sex genes are poorly conserved, particularly outside the Apicomplexa. Hence, as this genus diverged, it co-opted the existing sexual mechanisms for sex that it could, but also required novel sex genes. These were sometimes shared in both genders, a frugal evolution strategy, consistent with the compact genome of Plasmodium.
Conclusions
We have performed the first transcriptomic analysis of separated female and male gametocytes in P. berghei, and the first differential-expression analysis in any Plasmodium species. We have identified broad tendencies towards net downregulation of genes in gametocytes compared to asexual stages, with this more prominent in females. Confirmation of pathways consistent with current knowledge of gametocyte biology has validated our analysis. We have additionally identified numerous new female-and malespecific pathways and genes for further analysis, including several novel gender-specific protein kinases.
We determined the extent of evolutionary conservation of sex-related genes between P. berghei and related organisms. Sex-related genes were highly-conserved in the Plasmodium genus, and less so in other eukaryotes. Genes shared by both genders exhibited a similar distribution, in contrast to male-specific genes, which showed better conservation outside this genus. These data suggest that many genes involved in Plasmodium sex evolved within this genus.
Methods
Experimental animals and parasites
Experiments were performed in conformity with the Australian Prevention of Cruelty to Animals Act 1986 and the Prevention of Cruelty to Animals Regulations 2008, and reviewed and permitted by the Melbourne University Animal Ethics Committee (AEC ethics ID: 1413078). Male Swiss Webster mice aged four to six weeks old were used in all experiments. These mice were purchased from the Monash Animal Research Platform, Melbourne.
We obtained transgenic P. berghei ANKA 820cl1m1cl1 parasites (a kind gift from Andy Waters, University of Glasgow, Glasgow, Scotland) [14] , which were subsequently passed through the entire life cycle, to ensure healthy gametocytes. All parasites sequenced had been cultured in one to three sequential mice after mosquito infection.
Purification of male and female gametocytes
"Pre-infection" mice were infected with thawed parasites by intraperitoneal injection, with parasitemia monitored by Giemsa-stained smears. One day later, naive "experimental" mice were injected with 200 μl phenylhydrazine (6 mg/ml). Three to six days after this, parasites were obtained from "pre-infection" mice by cardiac bleed. "Experimental" mice were immediately infected by intraperitoneal injection of 200 μl of fresh parasites from this stock.
Three days later, "experimental" mice were humanely killed with 20% slow-fill carbon dioxide in accordance with the ethics approval and regulations above. This was immediately followed by direct cardiac puncture. Parasites were immediately diluted into 4°C DPBS (Dulbecco's phosphate-buffered saline), and kept on 4°C cold packs. Samples were enriched for gametocytes, trophozoites, and schizonts via differential centrifugation in a Nycodenz (Sigma-Aldrich, Australia) solution, using a slightly-modified protocol to that described by Janse and colleagues [41] . Briefly, a 49% (v/v) Nycodenz -DPBS solution was used, which equates to a final concentration of 13.5% (w/v) Nycodenz . 4°C solutions and cold packs were used in all stages, and the centrifuge was pre-cooled to 4°C.
Parasites were sorted in a cooled PC2 MoFlo Astrios TM cell sorter. Purified male and female gametocytes were immediately concentrated by centrifugation, then frozen at −80°C.
Enrichment of asexual erythrocytic stages
Mice were infected with thawed parasites by intraperitoneal injection. Parasitemia was monitored by Giemsastained smears. When an appropriate parasitemia was reached, mice were humanely killed and cardiac bled as above. Samples were immediately passed through handpacked CF11 cellulose columns, to remove leukocytes and platelets [42] , then immediately lysed with 0.15% saponin and 0.1% bovine serum albumin in DPBS at 4°C for 10 min to remove erythrocyte transcripts, before washing thrice with DPBS.
RNA extraction and sequencing
RNA was obtained from frozen purified gametocytes and fresh asexual stages, with an ISOLATE II RNA Mini Kit (Bioline, Australia), as per the manufacturer's instructions. This was provided to AGRF (Melbourne) for cDNA library construction and mRNA sequencing (by poly-A enrichment) on an Illumina HiSeq2500 (100 bp, strand-specific, paired-end reads).
